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^  This  report  describes  results  obtained  in  an  FY  80  developmental  program  carried  out  at  the  Naval 
Ocean  Systems  Center,  San  Diego,  under  Independent  Exploratory  Development  funding.  The  objective  was  to 
develop  a  robust,  fully -demountable,  high  pressure  penctrator  design  suitable  for  coupling  light  signals  trans¬ 
mitted  by  optical  fiber  elements  in  an  undersea  cable  operated  at  high  ambient  hydrostatic  pressure  into  an 
electronics  package  or  manned  space.  The  feasibility  of  constructing  such  penetrators  utilizing  Oraded 
Refractive  INdex  (ORIN)  rod  lenses  as  combination  pressure  barriers  and  imaging  devices  has  been  demon¬ 
strated.  Prototype  realizations  have  exhibited  excellent  optical  througJiput  performance  and  readily  survive  in  ■ 
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excess  of  10  000  psi  pressure  differential  as  well  as  tolerating  a  wide  temperature  range.  The  design  lends 
itself  to  hermetic  construction  for  applications  requiring  no  vapor  diffusion  over  long  mission  durations. 
Such  devices  exhibit  excellent  potential  for  satisfying  SUBSAFE  requirements  for  manned  submarine  ap¬ 
plications. 
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INTRODIirTION 


This  proqram  was  undertaken  as  an  effort  aimed  toward  developinq  qeneric 
concepts  and  prototype  desiqns  for  a  hiqh  pressure  undersea  bulkhead  penetra- 
tor  for  use  in  coni \inct ion  with  fiber  optic  cables  employed  in  the  deep  ocean 
environment.  Watertiqht  optical  interfacinq  devices  will  bo  required  in  order 
to  realize  practical  underwater  systems  employinq  fiber  optic  cables  for  com¬ 
mand,  control,  and  communications.  Optical  penetrators  may  also  be  required 
in  systems  utilizinq  optical  fibers  as  sensors.  because  the  penetrator  pro¬ 
vides  the  means  by  which  the  optical  siqnals  carried  by  the  fiber  are  trans¬ 
ferred  between  the  hiqh  hydrostatic  pressure  environment  of  the  cable  and  the 
low  pressure  environment  of  the  electronics  packaqe  or  manned  portion  of  an 
underwater  system,  it  is  a  key  component  required  in  practically  all  proposed 
fiber  optic  applications  under  the  ocean . 

A  viable  and  flexible  fiber  optic  penetrator  desiqn  would  incorporate 
many  features  which  have  historically  evolved  in  the  case  of  presently  avail¬ 
able  electrical  penetrators.  Unless  these  proven  features  are  supported, 
undesirable  system  impacts  miqht  occur  which  would  neqate  many  of  the  advan- 
taqes  inherent  with  fiber  optic  cables  compared  to  their  coaxial  cable 
counterparts . 

*  The  penetrator  desiqn  should  exhibit  low  optical  throuqh- 
put  attenviation .  Insertion  loss  character istics  should  be 
comparable  to,  and  at  least  as  repeatable  as,  the  better 
optical  fiber  connectors  presently  available  in  the  market¬ 
place.  The  optical  characteristics  should  be  maintained 
over  the  entire  spectral  reqion  utilized  for  communica¬ 
tions  . 

*  The  penetrator  desiqn  should  lend  itself  to  efficient 
certification  procedures.  It  should  be  possible  to  tiust 
and  certify  the  pressure-inteqrity  function  of  the  device 
at  the  time  of  manufacture  —  prior  to  inteqration  with  the 
cable  and  optoelectronics.  Ideally,  the  pressure  barrier 
subcomponent  should  he  standardized  and  type  certified  and 
should  lend  itself  to  inteqration  with  any  type  of  optical 
fiber  or  connector  when  incorporated  into  its  final  pene¬ 
trator  conf iqurat ion . 

*  The  penetrator-to-cable  interface  should  be  fully 
demountable  from  both  the  hiqh  and  low  pressure  sides  of 
the  bulkhead.  Ideally,  the  hiqh  pressure  side  should  be 
capable  of  underwater  make/break  operation,  a  valuable 
asset  for  some  important  system  applications.  Full 
demountabil ity  obviates  the  requirement  for  treatinq  the 
penetrator,  the  optoelectronics  assembly  and  the  cable  as  a 
sinqle  unit.  It  allows  separation  for  the  purpose  of 
repair,  exchanqe ,  transport,  and  storaqe  of  the  individual 
subsystems  over  the  life  and  mission  profile  of  the  system. 
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II 


*  Thp  dpRiqn  should  he  oompatihle  with  a  wiili'  variety  of 
optical  fiber  and  optical  connector  types.  This  ri'duce--, 
the  certification  burtlen  as  well  as  minimir.inq  inventory 
renuirements  .  One  j-ienetrator  type  shoubi  be  capable  of 
operation  with  a  wide  variety  of  optical  fiber  and  con¬ 
nector  styles  via  a  standar<li  zed  ,  type-accepted  body. 

*  The  desiqn  should  be  inherently  straiqht forward  to 
manufacture  in  a  repeatable  fashion  while  maintaininq 
reasonable  manuf actur i nq  tolerances.  Tt  should  not  be  so 
complex  that  reliability  and  cost-effect  ivi'ness  are 
comprcm  i  sed  . 

*  The  desiqn  should  be  ruqoed  and  robust,  permittinq 
operation  over  a  wide  ranqe  of  temperature  and  pressure 
conditions.  It  should  be  resistant  to  damaqe  by  vibration 
and  explosive  snock.  Overall  sv’stem.  performance  must  not 
be  compromised  in  any  way  due  to  limitations  of  the  fiber 
optic  nenetrator. 

*  The  desiqn  should  lend  iiself  to  hermetic  realizations 
for  applications  reouirinq  sustained  exposure  to  hiqh 
hydrostatic  pressures.  For  reliability,  the  desiqn  sh.ould 
resist  vapor  intrusion,  01  ass-to-met al  or  nl a ss- 1 o- ceram i c 
seals  should  be  incorporable  so  as  to  form  a  hermetic  vapor 
barrier  without  reouirinq  a  maior  redesiqn  or 
recertification  effort. 

Historically,  epoxy-filled  hypodermic  needles,  epoxy  pottinqs,  and 
elastomeric  squeeze  bushinos  (references  1  2 )  have  been  employed  when  it  is 

required  to  transfer  liqht  from  an  optical  fiber  across  a  pressure  ciradient. 
These  techniques  all  realize  their  liqht  transfer  function  by  means  of  p'hysi- 
cally  sealinq  to  the  external  cable  sheath  or  to  the  optical  fiber  itself. 
Such  approaches  fail  to  satisfy  all  or  mos.t  of  the  criteria  describinn  a 
viable  penetrator  realization  as  stated  above.  hTiilc'  somf'times  servinq  as 
adequate  solutions  when  applied  to  test  and  evaluation  of  d(  v'el  opmen  tal  fiber 
optic  components,  reliance  upon  these  techniout-s  is  unrealistic'  and  would 
result  in  undesirable  enqineerino  and  operational  comprcnises  if  applied  to 
Navy  system  applications. 

This  report  disc'usses  a  prototype'  )ienetrator  desiqn  developeii  at  the 
Naval  Ocean  Systems  Center,  potent  iallv  satisfyinq  all  of  the  abc-ive  require¬ 
ments.  Testing  is  currently  underway  to  more  fully  character  i  zc'  device  per¬ 
formance  as  a  function  of  applied  environmental  stress.  The  results  of  the 
testinq  will  be  reported  at  a  future  date.  Tlie  analysis  and  prntotypina 


1.  Redfern,  J,  Taylor,  II,  Eastley,  P,  Albares,  P,  "fiber  Optic  Towed  Array," 
NUC  TP  414,  October  1P74,  p  22  -  24 

2.  Ockert  ,  n,  "An  Underwater  Penetrator  Pc'vc'l  ■■'pmc'nt  in  Filc'r  Optics,"  Oceanic 

Enqineerinq  Report  Number  Westinqbouse  (Oceanic  Division,  Contract 

TR  and  PiVRblS,  in  April  1^7^ 


performed  in  the  development  of  this  partioiilar  desi<Tn  has  proved  to  ;>e  an 
important  first  step  toward  realizing  workable  nraiersea  [V’netrators  for  f nt 
Navy  applications  employinn  optical  fiber  cables. 
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The  penetrator  realization  reported  here  is  base.i  upon  tiie  concept 
disclosed  in  reference  3.  This  approach  utilized  a  CJ’IN  rod  b'ns  of  one  l-a 
pitch  lenqth  as  a  combination  pressure  barrier  ami  imauinci  .iev  i  ce ,  sciu-nat  i 
rally  depicted  in  fiqure  1.  because  this  concept,  as  reporte.i,  predated  t  ti 
availability  of  low-loss  sinqle  optical  filler  cables  (cirr  it  was 

predicated  for  use  in  coniunction  with  optical  fiber  bundle  lechnobxry.  If 
this  realization  is  to  be  a  viable  apfiroach  capable  of  per  fi'TTn  i  nu  compai  lid 
with  modern,  low-loss,  sinnle  optical  fib<'r  teclinol  I'oy ,  si'vi'ral  key  mu'stio 
must  be  answered. 


OPTICAL  FIBER 

HIGH  PRESSURE  PENETRATOR 
DESIGN 

METAL  BULKHEAD 

EPOXY  BONO 


I'lqurc  1.  Sclu-matu  -  '.I  av.'.t  c.  I- e  1  1  a . '  I  1  Vi  Ir.c.cX 
( oK  !  b  )  1  od  K-ns  -  c,  -in:  i  :i,c  , ,  .  ;  t  i  ssiu  i  l  a  t  i  \  i  i 
and  imaq  i  no  d.cv  i  ,  <  . 

*  Do  contem[xirary  CKIN  lenses  (circ  1'yro)  whose  optical 
properties  have  been  refined  compared  to  their  1^70  vintaqe 
forerunners,  exhibit  adequate  foctisinii  acuity  to  ;x^rmit 
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imaciinq  the  'iO  mirron  ('<iro  of  a  typical  low-’.iisB  optical 
fiber  onto  a  coni\iaato  rccoivino  fibi'r  without  the  losn  of 
an  appreciable  fraction  of  the  1 iuht  enerny?  What  are  the 
prospects  for  suc'h  lit'vices  to  Ix'  used  in  coniuni'tion  wifli 
sinole  mode  optical  fibers  which  will  he  employed  with  some 
fiber  optic  commun  i  cation.s  and  sensor  systems  in  the 
future? 

*  Can  sr.ch  rod  Itmses'  tx''  mounted  in  a  suf  f  i  c  i  (■■nt  1  v  stable 
manner  to  permit  lel  table  operation  I'V'er  a  wide'  rantie  of 
pressure  and  temfx‘‘rature  conditions?  This  const  lierat  i  on  is 
important  because  any  rod  movement  with  respect  to  the  con¬ 
nectors  will  result  in  the  defocusina  or  translation  of  the 
imaqe  with  a  resultinq  increase  in  insertion  loss. 

*  Is  it  practical  to  fabricate'  a  heavv  nenetrator  body 
capable  of  wi  t  hst  anil  i  nu  in  excess  of  lO.hOO  psi  pressure' 
d  i  f  fi-rent  ial  to  thi'>  i-epuired  inc'chan  i  cal  toleraiu-es 
neci'ssary  to  mate  pairs  of  sinole  fiber  connectors  in  a 
repeatable  manner?  Tf  not,  what  combination  of  machininq 
and  alianment  features  should  be  employed  to  enhance’ 
fabrication  techniaue’s? 

As  a  result  of  the  re’search  performed  in  th.is  f- .  ?  deyolopment  proiiram  wi' 
ari'  reasonably  confident  that  practical,  hiah  pei' f  onnance'  fiber  optic  pi  I'ssure 
tx'net  rators  ,  utilizinq  the'  conce'pt  presented  lu're,  are  eni  iri'ly  I’e’a  1  i  r.abl  e  . 
Practical  previuction  devices  are  jvassible  to  manufacture  if  suitable  fabrica¬ 
tion  techniques  are’  employed.  Prototype"'  elemount  abl  i’  ix’ne’trator  units  di^ye'l- 
ope’d  at  NOPC,  utilizinq  the  one-half  pitch  GRIN  lens  window  conce’pt  ,  ceimhine'd 
witt  re’ f  i  tu’me'ni  s  re’latinq  te"'  positiemal  re'd  leicatie'n  and  conni'i'tor  t  ranst'erse’ 
aliqnment,  e'xhihit  afiprox  imate’l  y  1-1. A  dP'  optical  insertion  loss,  makinq  them 
optiiMlly  ceimptrahle  to  many  eif  the’  hotter  fiber  e’pt  ie-  e'c’nne’ctor  s  themse’l  ve's . 
Intrinsic'  insertion  loss  of  the’  GRIN  Ions  is  on  the’  eirder  of  0.3  dP ;  this 
permits  a  very  low  level  (’f  inse’rtion  loss  to  he’  re’alized  in  nondemountabl  e 
lesions.  Prototype  penet  rate^rs  have’  bee’n  te'sted  te’  hydrostatic  pressures  in 
exc'e'ss  of  10,000  psi  {  cor  re'spemd  i  nei  to  maximum  de’pths  e'ommensurate’  with  over 
of  the  ocean  floor)  without  failure.  No  deqraelation  in  optical  perfor¬ 
mance’  was  e’hse’rved  afte’r  liieTh  pre’ssure'  "seiaks"  lastinei  se’veral  days;  this 
inilie'ate’d  that  i  neonse’quent  i  al  jx’sitional  e'reep  in  rod  position  was  takinq 
plac'e’  due  to  lonq-term  applie'd  strops.  Tomi-erat ur e’  e'vclinei  ewer  a  ranqe’  from 
-40r  te’  +100G  caused  no  eTlass  spall  inei  due’  te’  mismatch  of  te’mperature  ce’offi- 
cients  betwe’e’n  qlass  and  metal  .  A  phe’toqraph  of  a  pre’totype’  fibe’r  optic 
penetrator  is  shown  in  f iepire’s  ?a  an'l  ?h. 


THEORETICAL  CONSIDERATIONS 


The  GRIN  rod  lens  chosen  for  consideration  was  the  SELFOC*'  Type  SLS/2  mm 
manufactured  by  the  Nippon  Sheet  Glass  of  Japan  and  distributed  by  the  Nippon 
Sheet  Glass  Ccmpany,  USA.  This  unit  exhibits  the  following  characteristics: 


Numerical  Aperture  (NA)  0.30 

On-axis  Refractive  Index  (n  )  1.545 

s 

Radial  Grading  Constant  (A)  0.0361 

Nominal  Diameter  2.0  mm 

Nominal  Pitch  Length  32.8  mm 

Cost  in  1980,  Unit  Quantities  $40 


The  type  SLS  GRIN  lens  appears  to  be  the  best  choice  among  SELFOC 
products  in  that  it  exhibits  adequate  numerical  aperture  to  collect  nearly  ali 
the  light  emitted  from  a  low-loss  graded  index  optical  fiber  (whose  NA  typ¬ 
ically  ranaes  from  0.14  to  0.28).  Relatively  moderate  chrcjmat  ic  pitch  depen¬ 
dence  is  inherent  in  the  Type  SLS  compared  to  larger  NA  devices  such  as  the 
Type  SLW.  This  is  very  important  in  the  case  of  wavelength  duplexed  communi¬ 
cations  link  applications.  Two  mm  corresponds  to  the  largest  standard  diam¬ 
eter  presently  available  in  the  SELFOC  line  although  larger  diameter  lenses 
have  been  fabricated  and  are  currently  being  transitioned  into  production. 
Larger  diameter  lenses  minimize  the  mechanical  interfacing  mismatch  of  lens  to 
connector,  facilitating  fabrication.  Likewise,  ultra-high  resolution  SEI.FOC 
lenses  have  been  developed  which  permit  imaging  of  single  mode  optical  fibers 
with  low  loss.  The  device  employed  to  construct  the  penetrators  reported  here 
is  a  standard  item  currently  being  mass-produced  iri  Japan  —  mass  production 
keeps  reproducibility  high  and  cost  low. 

Referring  to  figure  3,  equations  (1)  and  (2)  describe  the  imaging  rules 
of  a  SELFOC  lens,  modified  for  the  case  where  the  device  is  immersed  in  a 
matching  fluid  medium. 


Figure  3.  Kay  t  race  cd  FKl.I'OG  !<  n:-  immcr.-a  c 
fluiii  mt'dium. 
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P  =  - * - 

2Tt 

where:  ^^,^2  “  Imaqe  plane  positions 

7,  =  Length  of  SELFOC  lens 

A  =  SELFOC  lens  radial  aradinq  constant 

n  =  Refractive  index  of  the  SELFOC  lens  on  the 

s  ... 

optical  axis 

n  =  Refractive  index  of  the  medium  surrounding  the 
SELFOC  lens 

P  =  SELFOC  lens  fractional  pitch  length 

If  the  SELFOC  lens  is  chosen  to  be  exactly  one-half  pitch  length,  an 
object  in  contact  with  one  face  creates  an  inverted,  real  image  of  itself  (at 
unity  magnification)  on  the  opposite  face.  This  would  Ise  undesirable  in  a 
practical  penetrator  realization  because  of  the  possibility  of  entrapping  grit 
between  the  lens  face  and  the  connector  end,  scratching  both  the  lens  and  the 
fiber  held  by  the  connector.  A  small  setbac)<  between  lens  face  and  connector, 
implying  that  imaging  should  occur  slightly  outside  of  the  SELFOC  lens,  is 
desirable.  As  determined  by  equations  1  and  2,  this  requires  that  the  lens 
length  be  slightly  less  than  one-half  pitch. 

Equations  (1)  and  (2)  are  plotted  in  figure  4  for  the  case  of  symmetrical 
1 ens-to-connector  spacing  conditions  where  the  rod  lens  is  imtersed  in  an  oil 
medium  having  a  refractive  index  of  1.50. 

It  is  noted  that  an  optimum  locus  of  conjugate  spacing  (L  = 

occurs  which  is  relatively  linear  over  the  dimensions  of  interest,  25  -  100 
micrometers  (0.001  -  0.004  inch).  In  this  region,  the  renuired  pitch  length 
can  iDe  cruic)<ly  determined  by  employing  a  linear  regression  approximation  as 
expressed  by  equation  (3). 

L  =  11210  -  22419P  (3  ) 


(  1  ) 

(2  ) 


where : 


L  is  in  micrometers,  and 

P  is  the  SELFOC  lens  fractional  pitch  length 

For  example,  in  order  to  achieve  a  38.1  micrometer  clearance  dimension  between 
lens  face  and  connector  (0.0015  inch)  a  lens  fractional  pitch  length  of  0.4983 
inch  is  dictated. 

Because  the  refractive  index  of  all  transparent  materials  is  a  function 
of  wavelength  and  because  SELFOC  lenses  are  composed  of  a  glass  composite 
(thallium-doped  jborosil icate  in  the  case  of  the  Type  SLS ) ,  the  pitch  length  of 


7 


NiiViriTi'riiiiMBayiiiiiiWilwiirrfttnirit 


0  4960  0  4965  0  4970  0  4975  0  4980  0,4985  0  4990  0  4995 


)'iuuri'  4,  raramotric  jilots  for  the 
c-ast'  I'f  ica  1  U.’us-lo-connoctor 

.icit.ij  fo;.i  i  j  L  i  . 


a  given  lens  is  a  function  of  wavelength.  This  implies  that  the  clearance 
dimensions  calculated  above  depend  upon  the  wavelength  of  light  transmitted 
through  the  lens.  In  the  case  of  wavelength  multiplexed  or  duplexed  trans¬ 
mission  schemes,  the  lens  face/connector  standoff  dimension  can  only  be 
"correct"  at  1  wavelength.  It  is  necessary  in  such  cases  to  predict  the 
performance  degradation  expected  insofar  as  insertion  loss  is  concerned. 

The  pitch  length  of  a  SELFOC  lens  is  given  by  equation  (4)  and  wavelength 
dependence  of  the  glass  composing  the  Type  SLS  lens  by  equations  (5a  and  5b). 


Z 


n 

o 

n 


y2iT  PR 


n  (  X  ) 
o _ 

An(X  ) 


1.5345  +  7.40x10^/X^ 
1.5076  +  5.00x10^/X^ 


(4) 

(5a) 

(5b) 


where : 


R  =  Radius  of  SELFOC  lens 

O 

X  =  Optical  wavelength  in  A 

An=n(X)-n(X) 
o  r 

Plotting  dP/P  as  a  function  of  wavelength,  figure  5  is  obtained.  The 
percentage  change  in  pitch  length  is  normalized  to  a  wavelength  separation  of 
1  micron. 
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Figure  G.  Chromatic  pitch  dejx'ndc'nce  vs  wavelength  foi  NSC  tyj-e 
bLS/2mm  SELFOC  rod  lens. 


It  is  observed  that  the  change  in  effective  pitch  length  as  a  function  of 
wavelength  is  substafttial  at  short  wavelengths  ( ie ,  the  visible  portion  of  the 
spectrum)  but  much  less  pronounced  in  the  near  infrared.  For  excunple,  in  the 
case  where  the  two  wavelengths  are  0.83  micron  and  1.06  microns,  as  in  a 
typical  wavelength  multiplexed  communications  link,  a  SELFOC  rod  exhibiting 
0.499  pitch  characteristics  at  the  short  wavelength  has  an  effective  pitch 
length  of  only  0.491  at  the  long  wavelength.  This  result  will  be  utilized 
later  in  this  report  to  predict  the  increase  in  insertion  loss  which  would  be 
exhibited  by  a  penetrator  employed  under  such  conditions.  Because  the  trend 
in  high  performance  fiber  optic  systems  is  toward  longer  wavelengths  where 
optical  fiber  transmission  characteristics  are  optimized,  the  example  con¬ 
sidered  above  represents  a  worst-case  situation.  For  example:  if  the  two 
wavelengths  are  changed  to  1.27  microns  and  1.55  microns  (corresponding  to  the 
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Tt  is  desirable  to  accurately  characterize  the  optical  insertion  loss 
encountered  when  emplovino  the  FFI.FOP  rod  lens  as  a  fiber  imaainu  f-lement  in 
an  undersea  penetrator.  This  section  documents  optic'al  measurements  pf'rforms'd 
upon  a  typical  unit.  The  results  help  to  confirm  tht'  v'a]  i'litv'  of  the  penetra- 
tcr  realization  and  uiv'e  an  indication  of  the  mec'’anical  tolerances  necessary 
to  achieve  acceptable  optical  performance. 

The  optical  attenuation  ar'paratus  usf'd  to  cliaracter  i  za'  the  lenses  is 
depicted  in  fiaure  f. 
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Measurement  uncertainty  in  the  instrumentation  was  due  primarily  to  thermally- 
induced  drift  in  the  micropositioner  assemblies;  the  long-term  stability  of 
the  setup  was  approximately  0.03  dB/ho\jr.  The  data  presented  here  are  there¬ 
fore  meaningful  to  a  few  hundreths  of  1  dB  insofar  as  precision  is  concerned. 
Micropositioner  calibration  permitted  a  mechanical  resolution  of  approximately 
5  micrometers  (0.0002  inch),  hence,  the  accuracy  of  the  positional 
measurements  is  of  this  order. 


A  number  of  parameters  were  held  constant  throughout  the  entire  series  of 
measurements : 


Wavelength 
Fiber  Type 

Index  Matching  Fluid 
SELFOC 


0.83  micron 

irr  Type  T-212  GI  MCVD 
Glycerin  (n  =  1.4746) 
NSG  Type  SLS/2  mm 
0.499  pitch  at  0.83 
micron  wavelength 


Several  SELFOC  lenses  from  the  same  production  run  were  evaluated. 

Because  the  results  agreed  within  a  few  percentage  points  between  units,  the 
measurements  obtained  with  a  "typical"  SELFOC  lens  are  presented. 

The  optical  fiber  employed  in  the  test  is  typical  of  modern,  low-loss 
(3  dB/)on)  graded  index  telecommunication  fibers  and  conforms  dimensionally  to 
the  50/125  micron  international  core/cladding  standard  dimensions.  The  fiber 
has  an  advertised  short  length  numerical  aperture  (NA)  of  0.22  which  is  rel¬ 
evant  because  1  meter  lengths  were  employed  in  the  test  setup  in  order  to  give 
insertion  loss  performance  approaching  worst  case.  Very  long  fiber  lengths 
would  exhibit  somewhat  reduced  effective  NAs  (the  modal  equilibrium  condition 
is  approached)  which  would  result  in  better  focusing  by  the  rod  lens,  hence, 
lower  insertion  loss. 


As  a  baseline  measurement  it  is  informative  to  consider  optical  insertion 
loss  as  a  function  of  lateral  alignment  mismatch  for  two  butt-coupled,  graded 
index  optical  fibers.  The  fiber  faces  were  prepared  by  the  diamond  scribing 
and  fracture  technique  (reference  4)  and  were  quite  flat  and  uniform.  Glyc¬ 
erin  was  employed  as  the  refractive  index  matching  fluid  between  the  cleaved 
fiber  faces  serving  to  minimize  loss  due  to  Fresnel  reflection.  Its  optical 
properties  closely  approximate  those  of  mineral  oil  vdiich  is  used  in  the  final 
penetrator  design.  The  configuration  is  depicted  in  figure  7. 

When  the  optical  fibers  were  "perfectly"  aligned,  the  light  throughput 
was  defined  to  be  unity  (0  dB).  The  insertion  loss  was,  therefore,  nonzero 
for  any  mechanical  misalignment  from  the  "perfect"  location.  Insertion  loss 
as  a  function  of  transverse  displacement  is  shown  in  figure  8  for  the  case  of 
two,  butt-coupled  fibers. 


4.  Gloge,  D,  Smith,  PW,  Bisbee,  DL,  Chinnock,  FL,  "Optical  Fiber  End 
Preparation  for  Low-Loss  Splices,"  Bell  Syst  Tech  J. 
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Figure  8.  Transverse  displacement  loss 
of  butt-coupled  oi^tical  fibers. 


Noting  that  25.4  micrometers  =  0.0010  inch  =  1  mil,  it  can  be  seen  that  a 
lateral  misalignment  of  11  micrometers  (0.43  mil)  is  sufficient  to  introduce  a 
light  coupling  loss  of  0.5  dB  between  the  two  fibers.  A  displacement  of  19.5 
micrometers  (0.77  mil)  causes  a  1.5  dB  insertion  loss.  An  insertion  loss  of  3 
dB  corresponds  to  a  lateral  misalignment  of  27.5  micrometers  (1.07  mils);  in 
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this  case  only  one  half  the  transmitted  power  is  coupled  from  one  fiber  to  the 
other . 

The  problem  faced  by  designers  of  commercial  fiber  optic  connectors  for 
50  micrometer  core  fibers  is  quite  apparent;  that  of  guaranteeing  consistent 
alignment  accuracy  for  a  low-cost,  mass  produced  component. 

The  penetrator  realization  developed  at  NOSC  utilizes  a  nominally  one- 
half  (0.499)  pitch  SELFOC  lens  as  an  optical  relay  element.  The  experimental 
configuration  employed  to  evaluate  the  insertion  loss  of  the  SELFOC  lens  for 
such  applications  is  depicted  in  figure  9. 

The  insertion  loss  is  plotted  in  figure  10  as  a  function  of  fiber  lateral 
displacement  over  a  range  of  symmetrical  fiber  to  lens  face  setback 
clearances . 

It  was  observed  that  the  insertion  loss  was  minimized  for  setbacks  on  the 
order  of  0-25  micrometers,  as  would  be  predicted  by  equation  (3)  for  a  SELFOC 
lens  of  0.499  pitch  length  ( I ^  =  22  micrometers).  Insertion  loss 

increases  rapidly  for  setbacks  exceeding  approximately  40  micrometers.  Near 
the  optimum  setback  distance,  transverse  alignment  tolerances  are  comparable 
to  those  observed  with  butt-coupled  fibers,  implying  that  the  image  of  the 
fiber  core  is  distinct.  As  the  setback  distance  increases,  causing  the  image 
to  defocus,  the  tolerances  relax  somewhat;  the  larger,  blurred  image  is  easier 
to  maintain  aligned  with  the  receiving  fiber.  This  indicates  a  tradeoff 
between  insertion  loss  and  criticality  of  alignment.  Measured  insertion  loss 
as  a  function  of  setback  distance,  assuming  perfect  transverse  alignment,  is 
given  by  figure  11,  for  the  case  of  a  0.499  pitch  lens  immersed  in  glycerin. 

This  experiment  demonstrates  for  the  case  of  "perfect"  fiber  alignment, 
that  the  insertion  loss  of  a  typical  SELFOC  relay  lens  is  nominally  0.3  dB 
under  the  conditions  evaluated.  In  order  to  maintain  less  than  1.0  dB  of 
total  insertion  loss  in  a  demountable  pressure  penetrator,  the  transverse, 
p>eak  fiber  alignment  error  must  be  less  than  11  micrometers.  Longitudinal 
tolerances  of  less  than  38  micrometers  must  be  maintained.  In  the  case  where 
a  total  insertion  loss  of  3  dB  is  tolerable,  peak  tolerances  must  be  less  than 
22  micrometers  and  100  micrometers,  respectively. 

Because  the  chromatic  dependence  of  the  lens  introduces  an  effect  similar 
to  that  of  altering  pitch  length  as  a  function  of  wavelength,  the  results  of 
figtjres  10  and  11  can  be  employed  to  estimate  the  increase  in  insertion  loss 
due  to  chromatic  aberration.  In  the  case  of  a  penetrator  optimized  for  opera¬ 
tion  at  0.03  micron,  the  effect  of  introducing  1.06  micron  light  is  the  same 
as  reducing  the  pitch  length  of  the  rod  lens  from  0.498  to  0.491  but  not 
reoptimizing  end  clearances.  This  would  result  in  approximately  3-4  dB  of 
additional  insertion  loss.  The  magnitude  of  this  effect  can  be  reduced  by 
optimizing  the  penetrator  at  a  wavelei'.gth  intermediate  to  the  two  wavelengths 
specified,  using,  perhaps,  a  SELFCXI  lens  pitch  length  of  0.495.  This  tradeoff 
approach  is  clearly  system  dependent  because  the  transmission  link  may  operate 
with  much  greater  margin  at  the  longer  wavelength  (this  ir  usually  the  case), 
hence,  the  link  may  be  able  to  afford  greater  insertion  loss  at  the  penetra¬ 
tor.  Fortunately,  this  effect  is  much  less  severe  at  the  long  wavelengths 
presently  contemplated  for  long-haul,  tindersea  system  applications.  For 
example,  if  the  previous  wavelengths  are  changed  to  1.27  and  1.55  microns,  the 
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INSERTION  LOSS  (dB) 


Figure  11.  Longitudinal  displacement 
loss  of  optical  fibers  imaged  by 
0.499  pitch  SELFOC  Ions. 


increased  insertion  loss  at  the  longer  wavelength  is  approximately  0.8  dB  if 
the  penetrator  is  optimized  at  the  shorter  wavelength.  Optimization  of  the 
penetrator  at  an  intermediate  wavelength  would  result  in  even  smaller 
chromatic  effects. 


MECHANICAL  CONSIDERATIONS 


In  order  to  predict  environmental  performance  of  the  penetrator  design  it 
is  necessary  to  determine  the  mechanical  effects  due  to  externally  applied 
stimuli:  differential  pressure  (glass  stress,  epoxy  shear)  and  temperature 

cycling  (glass  compressive  stress). 

Glass  stress  was  modeled  as  a  function  of  pressure  by  considering  a  cir¬ 
cular  steel  disk  with  a  centrally  located  0.080  inch  diameter  hole  to  approxi¬ 
mate  the  condition  encountered  when  a  SELPOC  rod  is  bonded  into  a  metal  bulk¬ 
head.  This  assumption  implies  that  the  glass,  which  would  fill  the  hole  in 
the  actual  device,  exerts  no  restoring  force  upon  the  metal  surrounding  it. 
This  corresponds  to  a  worst-case  assumption  insofar  as  plate  deflection  is 
concerned.  The  plate  was  assumed  to  cover  a  1-inch  diameter  mounting  hole  as 
depicted  in  figure  12. 
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Thr*  plrTtP  Heflrrtion  wan  ('<alculatr'i1  as  a  fiinrtior  af  appliotl  prcssuro 
di  f  ff-ront  ial  for  tbo  oxtromt-  oast's  of  fixod  and  s.impl\  stipporfcd  odaos 
(roforonco  5).  The  lattor  was  found  to  exhibit  art'aff'*"  dpfliction  as  a  func¬ 
tion  of  applied  pressure  anil  is  reportet)  here  beoaust'  it  uives  more  conserva¬ 
tive  results.  Such  a  oast'  is  shown  in  fiaure  1.1. 

Results  of  the  model inq  are  qiven  in  fioure  14  for  an  applied  pressure  of 
10,000  psi  .  Plate  displacement  due  to  flexure,  hole  radivis  rontrartion  (at 
the  hiqh  pressure  surface)  ,  and  tensilt'  load  on  tht'  stet'l  plate  are  plottt'd  vs 
platp/window  thickness. 

The  failure  mode  of  the  qlass  was  hypothesized  to  bt'  spallinq  of  the 
edqes  of  the  hiqh  pressure  face  of  the  SELFOC  lens  <lue  to  the  uneven  com¬ 
pressive  forces  actinq  upon  the  window  as  a  resvilt  of  plate  flexure  under 
applied  pressure.  This  hypothesis  was  verified  experimentally  utilizinq  a 
O.^SO  inch  thick  qlass  window  mounted  in  a  type  1704  stainless  steel  bulkhead 
usinq  a  hard  solder  sweat.  Failure  due  to  spallinq  of  the  edqes  of  the  window 
was  first  observed  when  the  applied  pressure  exceeded  SHOO  psi,  cor respond inq 
to  a  calculated  plate  deflection  of  0.001  inch,  a  chanqe  in  hole  radius  of 
d.P'io'j  iiu'li  at  the  hiqh  }  rcs.sure  surfaci-,  and  a  stres.',  level  in  tin  .steel  of 
00,000  psi.  No  leakaqe  occurred  at  a  pressure  of  11,500  psi  (the  limit  of  our 
test  equipment),  even  thouqh  the  hiqh  pressure  side  of  the  window  was  badly 
spalled  and  qlass  fractures  in  planes  parallel  to  the  bulkhead  had  formed. 

The  low  pressure  .side  of  the  window  remained  intact.  Because  the  bulkhead 
containinq  the  SELFOC  rod  in  the  penetrator  desiqn  reported  here  is  approxi¬ 
mately  n.f,5  inch  thick,  window  failure  at  a  pressure  of  50,000  psi  can  be 


5.  Roark,  RJ ,  Formulas  for  Strt'ss  and  Strain,  McGraw-Hill,  NY, 
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Figure  13.  Plate  deflection  model, 
simply-supported  edges. 


(in) 

Figure  14.  Results  of  plate  deflection 
modeling  for  an  applied  pressure  of 
10,000  psi . 


inff'r  rod  from  fiquro  14  duo  to  qiass  spall inq.  Plato  dof loot  ion  corresponds 
to  less  than  O.OOfll  inch  at  a  workinq  pressure  of  10,(1(10  psi.  Stress  upon  the 
stotd  IS  only  .'0,000  jisi;  this  allows  for  t.he  employment  of  a  low-strenqth 
metal  alloy  selected  for  free  cuttinq  properties  and  corrosion  resistance 
criteria  instead  of  tensile  strenqth.  A  safety  factor  of  approx ima t el y  five 
at  an  applied  pressure  of  10,000  psi  is  inferred  for  qlass  breakage. 

The  shear  force  acting  up<an  tht'  epoxy  employed  to  bond  the  SELFCK?  rod 
'nto  the  metal  bulkhead  wan  calculated  using  equation  0,  derived  from  qeo- 
m.-trical  considerat  ions  . 

S  =-  ~  /’  ('^/D 

"  (6) 

where ; 


S  =  Shear  force 
/’  =  Pressure  differential 
d.  -  SELFtX’  lens  diameter 
1  ^  SELFOC  lens  length 

The  aspect  ratio  (d/l)  ot  a  type  SLS  SELEftC  lens  is  0.12.'^,  independ(>nt  of 
rtxl  diameter.  The  epoxy  employed  is  Epotek"  Type  101-2  whii'h  is  specified  as 
having  a  lap  shear  strength  (aluminum  to  aluminum)  of  2,000  psi  .  Allowing  the 
epoxy  shear  strenqth  to  be  derated  to  1,000  psi  for  the  case  of  olass  to  steel 
bonding  (probably  conservative),  the  epoxy  will  shear  at  an  applied  pressure 
level  of  33,000  psi,  rorrespondinq  to  a  safety  factor  of  at  least  3-4  for  the 
epoxy  bond. 

The  thermal  stress  effect  was  modeled  by  a  0.080  inch  diameter  borosil i- 
cate  crown  qlass  rod  in  intimate  contact  with  a  2.0  inch  diameter  concentric 
stainless  steel  annulus.  Because  the  temperature  coefficient  of  tiie  iTu'tal  is 
greater  than  that  of  the  olass,  the  metal  is  expected  to  squeeze  t'le  qlass  at 
cold  temperatures ,  placing  it  under  stress.  tinder  these  assumptions,  tfie 
glass  is  subiected  to  a  radial  compressive  loading  of  1,030  psi  when  cooled 
from  t20  F  to  -20  F  (reference  6).  This  is  well  below  the  50,000  psi  compres¬ 
sive  strenqth  typical  of  soft  glasses.  Because  the  glass  and  metal  are  not 
actually  in  intimate  contact,  but  have  a  thin  film  of  epoxy  between  tficm 
(which  has  an  elastic  modulus  approximately  a  factor  of  30  less  than  either 
the  glass  or  the  metal),  the  above  calculation  is  quite  conservative.  In 
practice,  the  epoxy  acts  as  an  elastic  cushion  layer  which  c’f f ect ively  reduces 
compressive  and  tensile  loading  upon  the  qlass.  The  penetrator  is  exj'ected  to 
pass  MIL  temperature  cycling  over  the  range  of  -55  C  to  +125  C  in  storage  at  1 
atmosphere.  Whether  the  device  can  maintain  satisfactory  operational  inser¬ 
tion  loss  under  such  conditions  and  r<'ma’n  within  optical  spec i f icat ions  is 
currently  under  determination. 


(') .  Gatewood,  HC ,  Thermal  Stresses:  With  Af  [  1  ' '  at  len;  t'  Au;  lanes,  Missiles, 
Turbines,  and  Nuclear  Reactors,  Mci;r.iw-H  i  1  1  ,  I''S7. 
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MECHANICAL  TOLERANCES 


The  mechanical  tolerances  which  must  be  maintained  in  order  to  assure 
satisfactory  optical  performance  for  a  demountable  fiber  optic  penetrator  (or 
connector)  are  quite  stringent.  In  order  to  achieve  less  than  1.5  dB  of  total 
insertion  loss  due  to  misalignment  and  defocusing,  it  was  determined  from 
figures  10  and  11  that  the  followinq  peak  mechanical  tolerances  in  locating 
the  fiber  cores  must  be  achieved  in  production  and  maintained  in  the  field: 

Transverse  less  than  15  micrometers,  or 

Concentricity  less  than  15  micrometers,  or 

Longitudinal  less  than  BO  micrometers. 

These  tolerances  correspond  to  those  required  to  mate  a  pair  of  50  micron 
core,  graded  index  telecommunication  fibers  in  an  "optically  satisfactory" 
manner.  Each  tolerance  corresponds  to  a  peak  value  and  assumes  that  all  other 
mechanical  misalignment  is  negligible.  For  the  purpose  of  this  analysis,  peak 
displacement  error  values  are  employed;  it  is  assumed  that  multiple  misalign¬ 
ments  add  in  an  RMS  manner  (average  erors  accumulate).  In  practice,  the 
possibility  exists  for  poorer  (or  better)  performance  because  peak  values  may 
add  (or  subtract)  constructively.  On  the  average,  however,  such  events  appear 
to  be  relatively  improbable. 

The  connector  selected  to  mate  with  the  prototype  penetrator  is  the  Type 
as  manufactured  by  Amphenol,  Incorporated.  A  drawing  indicating  the 
construction  of  the  alignment  mechanism  of  this  device  is  shown  in  figure  15. 


Figure  15.  Alignment  mechanism,  Amphenol  Type  906 
fiber  optic  connector. 

This  connector  uses  four  roller  bearings  pressed  into  a  relatively  large 
diameter  )Tole  bored  in  a  precision-machined  plug  body  to  achieve  accurate 
optical  fiber  core  alignment.  The  optical  fiber  is  inserted  through  the  hole 
formed  between  the  roller  bearings  and  is  epoxied  into  place  and  lapped  to 
length.  A  subsequent  polishing  operation  assures  an  acceptable  optical  finish 
on  the  face  of  the  fiber.  The  entire  installation  procedure,  exclusive  of  the 
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epoxy  r-iirina  tine,  takes  al^ouk  Tf'  miniitos.  In  nornia]  me,  a  unit  is  matci  to 
a  so  'orni  iiiontical  mnnas-tor  iisina  a  proci;-.o,  ini<»ftior  mol 'loO,  tiF.I.K  IN'™  sloovo 
to  aot'iovo  transverse  an*I  !  on<i  i  t  n- i  i  nal  al  iunmont.  Insert  ion  loss  loss  tha'" 

1.F  dB  (  typioal  1  is  olaimed  bv  ttie  mannt  .lotiiret  .  The  Typt-  BOf-  was  enployea  1 
oiir  applioation  for  several  reasons: 

Tt  is  of  stainless  steel  construetion 

Its  aliannent  nos<'  is  of  small  diameter  (  approxinatoly  that  of  SEI.l'bp 
lens) 

T  r  is  a  I’ermanhro'-l  i  t  i  o  .lesian 
Tt  is  readily  field  installable 

It  exhibits  ai-epptable  insertion  loss  obnrart or ist i cs 

Tt  is  relativelv  inexpensive 

It  is  an  industry-aeoepti>d  eomponent  . 

As  more  suitable  fiber  optjo  ronneotors  berome  oommereial ly  available  in  the 
marketplare  it  is  likely  that  the  penetrator  ilesian  ran  be  altered  to  arrom- 
modatp  ttpn. 

Vf-a  stir  ement  s  taken  on  seven  Amnl  enol  Tvpe  tipf.  fiber  optic  connector  s , 
field  installed  by  the  author's  qroup  and  measured  by  the  NnilC  Metroloay 
T.aboratory,  indicate  that  the  followina  oeak  necbaniral  tolerances  are 
achieved  usinq  field  installed,  produc-ion  devices: 

Transverse  (1  (absorbed  into  fiber  diameter) 

Concent r ic it V  1  m icrometers 

Lapped  lenath  S  micrometers 

Manufacturer's  data  from  Tnternat ional  Telephone  and  Telearaph  Cornoration  and 
other  optical  fiber  prodiicers,  indicate  that  the  tolerances  presently 
achievable  with  reqard  to  the  optical  fibers  theriselv(‘S  are  on  the  order  of: 

Transverse  (diameter)  f  micrometers 

Core  concent r ic ity  f  micrometers 

Lenath  (1  (if  lapped  into  a  connector) 

Tf  tolerances  for  two  connectors  are  combined  and  added  in  an  RMS  fashion,  the 
total  error  can  be  estimated  for  a  mated  pair  of  "^x'-rfectl  y  alitined"  connec¬ 
tors  containina  installed  fibers: 

Transverse  10.9  micrometers 

I.onqitud  ina  1  7.1  micrometers 

It  is  seen  that  under  ideal  conditions  (an  absolutely  perfect  external 
al iqnment  mechanism  is  employed  to  index  the  connectors)  considerably  less 
than  l.h  r)p  of  total  insertion  loss  should  be  achievable  ( misal iqnment  less 
than  1S  micrometers).  It  is  also  apparent  that  it  is  lust  barely  pxissible  (in 
theory)  to  achieve  the  required  11.0  micron  peak  tolerance  (on  the  averaqe) 
necessary  to  exhibit  less  than  1  dp  insertion  loss.  The  above,  of  course, 
postulates  an  alignment  mechanism  with  no  errors  of  its  own.  This  cannot  be 
the  case,  hence,  tolerances  in  the  penetrator  alignment  mechanism  (partic¬ 
ularly  transverse  errors)  will  contribute  to  overall  insertion  loss  and  will 
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beqin  to  dominate  if  allowed  to  exceed  approximate! y  10-15  micrometers.  Lon¬ 
gitudinal  tolerance  must  be  held  to  much  less  than  bO  micrometers  if  longitu¬ 
dinal  misalignment  is  not  to  introduce  appreciable  additional  insertion  loss. 
If  the  longitudinal  locating  accuracy  of  the  penetrator  is  better  than  approx¬ 
imately  5  micrometers,  longitudinal  errors  will  be  dominated  by  the  length 
uncertainties  of  the  lapped  connectors  themselves. 

It  was  determined  that  the  penetrator  realization  could  utilize  precision 
machining  operations  (turning  and  lapping)  to  achieve  the  required  longitu¬ 
dinal  alignment  accuracy,  but  that  it  would  be  necessary  to  provide  some  type 
of  adjustable  alignment  mechanism  which  would  be  permanently  loclced  into  posi¬ 
tion  after  adjustment  to  achieve  transverse  alignment.  This  is  necessary  for 
metal  machining  considerations  and  because  the  optical  axis  of  the  SELFOC  lens 
may  not  correspond  exactly  to  its  physical  axis.  The  design  presented  in  this 
report  utilizes  a  movable  stainless  steel  plate  accommodating  one  connector 
assembly.  This  connector  assembly  is  slid  upon  a  film  of  epoxy  resin  to 
achieve  accurate  transverse  alignment  with  the  penetrator  body  containing  the 
SELFOC  lens  and  the  other  connector.  Upon  curing,  the  epoxy  locks  the  entire 
assembly  into  a  single  unit  which  is  permanently  aligned.  Currently,  investi¬ 
gation  is  underway  in  an  effort  to  eliminate  the  use  of  epoxy  for  this  func¬ 
tion  due  to  possible  long-term  instability.  Electron  beam  welding  is  under 
consideration  for  joining  the  alignment  plate  to  the  penetrator  body  in  a 
permanent  and  stable  manner. 

Several  potential  sources  of  misalignment  error  exist: 

Transverse 

Tolerance  upon  the  hole  diameter  required  to  accommodate 
the  locating  nose  of  the  connector. 

Hole  ellipticity,  contributing  to  connector  wobble. 

Longitudinal 

Grinding  tolerance  limitations  encountered  during  fabrica¬ 
tion  of  the  penetrator  body  and  alignment  plate. 

Variations  in  epoxy  film  thickness. 

Fran  a  practical  standpoint,  the  above  implies  that  the  hole  should  be  as 
round  as  possible  and  should  be  no  more  than  5  micrometers  larger  than  the 
maximum  diameter  required  to  fit  the  connector  nose.  This  translates  to  a 
hole  diameter  which  is  controlled  to  less  than  0.0002  inch  overall. 

Fabrication  errors  totaling  no  more  than  25  micrometers  (0.001  inch) 
should  exist  with  regard  to  plate,  body  machining,  and  grinding  tolerances, 
plus  epoxy  film  thickness  variations.  The  epoxy  must  be  mixed  consistently 
and  applied  at  a  known  temperature  and  clamping  pressure  so  that  batch-to- 
batch  variations  in  film  thickness  are  minimized.  Epotek  301-2,  catalyzed  per 
the  manufacturer's  recommendations  and  applied  between  2-inch  diameter  stain¬ 
less  steel  disks  with  2.5  pounds  of  clcimpinq  pressure,  at  25  C,  was  empiri¬ 
cally  determined  to  form  a  cured  film  thickness  of  3B  micrometers  (0.0015 
inch ) . 
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Pix  prf'l-ot  vpc  rx'ni't  f.it  or  unitp  witp  c-onst  rur  t<’fJ  iiurin<(  FYPn  at  NV)PC  in 
order  to  verifv’  the  oonrept  pj'r'.nonteH  prpvio\isly  and  to  provide  units  for 
prelininary  tost  and  evaluation.  An  ansomhly  drawinq  dopictinti  the  conRtruc- 
t  i  on  of  tbo  units  is  qi\’on  in  fiquro  lb.  Construot  i<'>n  is  of  Ty[K’  3(J3  alloy 
St  a  i  n  1  OSS  s** 1  . 

yvio  IV’ ni  ‘  t  r  a  t  ('■r  units  wore  i-onst  ruct  od  in  two  sootions:  A  ponotrator 

body,  w’^'i  ob  prf'vidos  tbo  soalinu,  pressure  harrier,  and  inaqinu  funotions,  and 
an  al  iqnment  pla-e  wb  i  oil  p<'“rnits  tbi’  renuired  transverse  toleranoes  to  he 
aohieved.  A  pressure  eoua 1 i zat i on  hole  in  the  a] iqnment  plate  allows  for  oil 
transfer  as  tbe  oonneotor  is  inserted  or  removed  from  the  penetrator.  The 
FFLFOr  lenses  were  bonded  into  the"  bill  kheads  usina  low  visrosity  epoxy  (F[vateV 
30  1-T1  wbiob  was  inserted  usiiTi  a  vaouum  fill  inn  tertinique  tr,  ensure  that 
voids  were  no*-  formed  (rf'ferenoe  7).  After  apptr.x  imatel  y  4F  liours  of  rurino 
at  30  F,  earb  completed  ;v>netrator  body  assembly  was  pressurized  to  1 1 , bOO  psi 
for  approximately  1  hour.  ( Pefore-and-af ter  dimensional  measurements  with  a 
precision  dial  indicator  demonst rat O'l  that  neqlinible  rod  movement  due  to 
enoxy  creep  resulted  from  this  proof  test.)  In  a  similar  manner,  the  penetra¬ 
tor  botly  can  b(’  cer'tified  for  pressure'  and  shock,  intenrity  prior  to  intoqra- 
tion  with  other  optical  components  such  as  connectors  and  cables. 
pbotoqrapb  of  a  prototype  penetrator  prior  to  final  assembly  is  shown  in 
fiaure  17.  An  optional  indium  solder  v'apor  seal  can  he  deposited,  bridair.u 
qlass  and  metal  ,  if  bermeticity  is  required. 

Tbe  final  assembly  process  ioins  th<'  two  sections  into  a  complete  pene- 
trator  assembly.  This  function  is  accomplished  by  X-Y  micropos i t ioninq  the 
alionment  plate  (containinq  an  installed  Type  conneotor i zed  fiber)  with 

respect  to  the  penetrator  body  (containinq  another  such  connector i zed  fiber) 
in  order  to  maximize  tbe  intensity  of  an  optical  test  siqnal  which  is  trans¬ 
mitted  throuah  the  unit  while  if  is  installerl  In  the  al.iqnment  fixture.  A  T.f 
pound  weiqht  serves  to  press  the  alionment  plat('  into  close  proximity  with,  the 
penetator  body.  Tlio  plate  floats  on  a  thin  film  of  cul.aiyr.eFi  epoxy  resin, 
which  acts  as  a  lubricant.  Tbe  epoxy  ultimately  cures  to  provide  a  stable 
■joint  which  locks  the  sections  tnaether  into  a  unitized  penetrator.  After  the 
al iqnment  is  acccmpl i shed ,  but  before  the  epoxy  has  set,  the  assembly  is 
tacked  toqether  with  several  drops  of  cyanoacrylate  instant  adhesive  (Loctite 
Type  4'tS''^)  .  Tbe  cyanoacrylate  creates  a  stable  bond  in  less  than  5  minutes 
which  is  stronq  enouqb  to  permit  handlinq  of  the  assembled  penetrator  without 
allowinq  plate  movement.  This  permits  the  aliqned  but  uncured  unit  to  be 
removed  from  the  al iqnment  fixture  for  the  duration  of  the  epoxy  set-up  time 
(approximately  ?  days);  this  frees  up  the  fixture  for  aliqnment  of  other 
units.  A  completed  penetrator  is  shown  in  fiqure  IB. 


7,  Cowvn,  d.I,  Iiauul.iry,  .Ml,  Younq,  C,  Rodfi'rn,  J,  "Under;.  .!  liiqh  Pressure 
Bulkhead  fa ‘In  t  r  a  t. '  r  for  l’s<  With  Fiber  Optic  Cables",  Unitt'd  States  Patent, 
N  wy  'Sase  tl  .  .('’.a-MC,  f  lied  tjoVemljer  1980. 
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PREIIMTMARY  TEJ^T  REPIJI.TE 


r%'v<'r.=il  woro  performed  upon  rhe  <'-e>mpl  efed  pf'nef  r<-itor.s  fo  defermine 

in?;ertion  loss  and  survivability  under  applied  stress.  Extensive  characteri¬ 
zation  of  optical  performance  imder  stress  conditions  is  currently  onqoinq  in 
the  FYR1  phase  of  the  proqram  and  will  be  reported  at  a  later  date. 

insertion  loss  character  i  za ;  ion  of  the  penetrators  war.  (v>rformed  by 
inserting  a  pair  of  Amphenol  Type  nrif.  fiber  optic  connectors  containinn  Sn 
micron  core,  qraded  index  optical  fibers  into  t  iu  i-h-.  i  t.n  !■  :  (1  iquri  1'  )  . 


EPOXY  Fll  M 


IMAGE  OF 
opposite 
C  JNNECTOF^ 


Figure  19.  Detail  of  alignment  plate  adjustment  for  maximum 
optical  signal  throughput. 


Mineral  oil  (refractive  index  =  1.50)  was  used  as  a  combination  index 
matching  fluid  (serving  to  minimize  Fresnel  reflection  loss)  and  lubricant  (to 
prevent  metal  galling  between  the  connectors  and  their  receptacles).  The 
average  insertion  loss  introduced  by  a  cascade  of  two  connector  plugs  plus  the 
penetrator  assembly  was  on  the  order  of  1.0-1. 5  dB.  This  is  equal  to  or  bet¬ 
ter  than  the  throughput  characteristics  exhibited  by  the  connectors  when  mated 
in  an  Amphenol  Delrin  alignment  bushing,  the  manner  in  which  they  are  normally 
employed  and  as  depicted  in  figure  20.  Typically,  insertion  losses  on  the 
order  of  1. 5-3.0  dB  are  routinely  observed  between  mated  pairs  of  Amphenol 
Type  906  connectors  used  with  ITT  Type  T-212  optical  fiber. 
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ALIGNMENT  SLEEVE 


CONNECTOR  NOSE 


I  OCATING  I  IP 


Fiquro  20.  Dt.'tail  showing  Dolr  in'"^  al  iqnmtnL  sU-uvc  ii.anutlly 
eiri]-!loyed  to  align  AmiihoiKjl  Ty(.'0  OOG^^Tibor  oi  t  ic  funiu ct  (  i  l.  . 


Apparently,  the  aliqnment  accuracy  as  a  result  of  the  adjustable  foatui'e  of 
the  penetrator  design  employed  here  is  superior  to  that  exhibited,  by  the 
factory- suppl  ied ,  fixed  aliqnment  bushing.  Tfiis  increased  alignment  accur.jcv 
is  such  that  it  more  than  compensates  for  the  0.30  dP  insertion  loss  typical 
of  the  SELFOC  relay  lens  which  is  not  present,  of  course,  when  the  factory- 
supplied  alignment  bushing  is  employed.  Considerable  variation  in  throughput 
level  was  noted  when  the  connectors  were  rotated  in  their  respective  alignment 
receptacles,  as  is  the  case  with  the  factory-suppl ied  delrin  bushing  as  well. 
This  implies  that  a  major  contributor  to  the  alignment  eri'or  is  lack  of  con¬ 
centricity  of  the  hole  in  the  connector  and  of  the  fiber  core  within  the 
cladding.  Insertion  loss  as  low  as  0.5  dB  was  observed  for  some  of  the  pene¬ 
trator  units  when  the  connectors  were  rotated  to  optimum  positions  as  deter¬ 
mined  by  monitoring  throughput  power.  An  even  lower  insertion  loss  wrnild  be 
obtainable  from  a  penetrator  not  requiring  the  demountabi 1 ity  feature. 

Ongoing  evaluation  during  FYR1  is  intended  to  generate  a  statistical  da*.i 
base  using  an  ensemble  of  Type  hOG  connectors  (from  various  Amphenol  produc¬ 
tion  runs)  which  have  been  characterized  as  to  insertion  loss  and  an  ensemble 
of  penetrator  units.  This  procedure  will  quantify  the  woj  .'d -l  aei  ,  •  , 

and  average  insertion  loss  performance  figures.  These  figtires  will  apply  to 
the  penetrator  design  when  it  is  employed  with  "typical"  Amphenol  Type  OOG 
connectors.  Such  data  are  very  valuable  in  engineering  applications  where  the 
effect  of  the  penetrator  upon  the  optical  performance  of  a  comm\)n icat ions  link 
must  be  predicted  when  the  device  is  installed  in  a  particular  system. 
Insertion  loss  as  a  function  of  wavelength  will  also  be  measured  in  order  to 
quantify  changes  in  penetrator  attenuation  due  to  chromatic  ,i1t  riation  in  thi' 
SELFOC  lens. 

Survivability  to  hydrostatic  pressure  was  determined  using  the  apparatus 
shown  in  figure  21. 

No  failure  in  the  penetrator  sealing  integrity  was  noted  when  a  pressure  of 
11,50(1  psi  (the  maximum  pressure  capability  of  the  testirg  unai  itu.s  cmi  b  vid) 
was  applied  to  the  assembly.  This  pressure  corresponds  to  an  ocean  depth  of 
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Figure  21.  Pressure  tolerance  test 
configuration . 

23,000  feet.  To  detormine  whether  epoxy  creep  and  resulting  rod  movement 
(which  would  result  under  pressure!  occurs,  the  assembly  wa.s  subjected  to 
11,';00  psi  for  a  period  of  3  days  at  25  C.  Insertion  loss  measurements  per¬ 
formed  before  and  after  this  soak  test  indicated  that  no  measurable  change  in 
the  throughput  characteristics  occurred.  This  implied  that  epoxy  creep  was 
small  or  zero,  at  least  for  this  combination  of  time,  temperature,  and 
pressure . 

Measurements  will  be  taken  in  order  to  characterize  insertion  loss  as  a 
function  of  pressure  during  FYR1.  These  will  determine  if  any  elastic  defor¬ 
mation  effects  are  present  in  the  units  which  would  give  a  pressure-dependent 
response.  The  former  test,  of  course,  only  checks  for  inelastic  deformations. 

The  penetrators  were  temperature  cycled  from  +25  C  to  -40  c  to  +100  L  and 
back  to  +25  C  to  check  for  ala.ss  breakage  due  to  differential  stress  —  none 
occurred.  Throughput  characteristics  remained  the  same  before  and  after 
subjection  to  temperature  extremes.  Ongoing  characterization  will  quantify 
optical  throughput  character ist ics  as  a  function  of  temperature. 


SUMMARY 


A  design  for  and  several  prototype  models  of  a  high  performance,  demount¬ 
able,  high  pressure  penetrator  for  fiber  optic  cables  have  been  developed  by 
NOSC.  Such  devices  will  he  required  to  realize  practical  undersea  system 
applications  employing  optical  fiber  cables.  The  approach  utilizes  the 
imaging  properties  of  GRIN  rod  len.ses  to  provide  a  low  insertion  loss,  high 
pressure  window  (which  is  sealed  into  the  pre.ssure  bulkhead).  Such  an 
approach  overcomes  the  disadvantages  exhibi<-ed  by  previous  attempts  at  realiz¬ 
ing  fiber  optic  penetrators,  which  attempted  to  seal  the  fiber  itself  or  the 


27 


entire  cable  jacket  into  a  bulkhead.  The  GRIN  rod  approach  preserves  essen¬ 
tially  all  of  the  operational  attributes  associated  with  conventional  electri¬ 
cal  pressure  penetrators,  makinq  system  desiqn  using  fiber  optic  cahies  in  the 
undersea  environment  more  straightforward.  Composite  connectors  containing 
both  fiber  optic  data  transmission  elements  and  electrical  power  pins  are 
rsadily  realizable  using  the  technique.  The  realization  allows  glass-to-meta ] 
sealing  to  be  incorporated  into  the  penetrator  design  for  use  in  conjunction 
with  i'iqh-rel iahil ity  electronic  systems. 

The  prototype  penetrators  constructed  during  this  program  were  capable  of 
an  optical  insertion  loss  of  n.3  dB  in  a  nondemountable  configuration  and  1.S 
dB  when  made  fully  demountable  by  use  of  interchangeable  optical  fiber  connec¬ 
tors.  In  the  latter  case,  the  throughput  attenuation  is  dominated  by  mechan¬ 
ical  imperfections  in  the  presently  available  connectors  and  optical  fibers. 
The  mechanical  tolerances  required  to  machine  the  penetrator  alignment  recep¬ 
tacles  were  found  to  be  obtainable  using  industry-accepted,  precision  machin¬ 
ing  techniq\ies.  A  uninue  fine  adjustment  feature  incorporated  into  the 
realization  relaxes  the  machining  reouirements  associated  with  the  critical 
connector  transverse  alignment  specifications,  makinq  the  design  readilv 
m.anutacturable , 

Preliminary  testing  carried  out  at  NOSC  has  shov/n  the  prototype'  penetra¬ 
tor  units  capable  of  withstanding  pressures  in  excess  of  in,onn  ppj  with  no 
measurable  degradation  (this  pressure  level  corresponds  to  operation  with  a 
calculated  safetv  factor  of  approximately  3  to  4).  No  damage  occurs  to  the 
units  when  cycled  between  temperatures  of  -40  C  to  +100  C.  Ongoing  testing 
will  characterize  optical  performance  as  a  function  of  external  stress. 

Results  of  the  characterization  program  currentl v  underway  during  FYP1  will  he 
the  topic  of  a  fol low-on  report . 


coNCUisTor; 

The  design  presented  here  is  a  promising  approach  tor  manufacturing  fiber 
optic  \indersea  penetrators  tor  Navy  systems.  Desirable  operational  teatures 
tpadiit  j  onall  y  associated  with  electrical  penetrators  are  readilv  sut'portetl  in 
a  fiber  optic  penetrator  v;hen  GRIN  imaging  rods  are  employed  as  pressure 
windows.  Prototype  devices  have  been  shown  to  exhibit  excellent  optical  and 
mechanical  performance  while  simultaneously  permitting  practieal  manufartvir ing 
technigups  to  be  employed  for  construction. 
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